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RESEARCH MEMORANDUM

COMPONENT PERFORMANCE INVESTIGATION OF J71 EXPERTMENTAL TURBINE
X - EFFECT OF FIRST-STATOR ADJUSTMENT; INTERNAL FLOW CONDITIONS
OF J71-97 TURBINE WITH 13Z2-PERCENT-DESIGN STATOR AREA

By Donald A. Petrash, Harold J. Schum, and Elmer H. Davison

SUMMARY

The changes in the internal flow conditions resulting from adjusting
the first-stator throat area of the J71 experimental three-stage turbine
were investigated. Presented hereln are the experlimental results of in-
terstage flow measurements obtained from.a radial survey lnvestigation
conducted on this turbine when equipped with a first-stage stator with a
throat area increased to 132 percent of the design area and operated at a
single predetermined turbine match point. BRadial variatlions and mass-
averaged values of stage efficiency were determined, along with Mach
nunmber and flow-angle distributions behind each blade row.

The mass-averaged first-, second-, and third-stage efficlencles were
0.850, 0.815, and 0.784, respectively. Regions of deficiency were noted
near the hub and tip regions for all three turbine stages. The corre-,
sponding over-all mass-averaged efficiency was 0.831. The radial survey
results for the turbine with the 132-percent-design first-stator ares are
compared hereln with those previously obtained with the seme experimental
turbine equipped with first-stage stetors with throat areas nominally 70,
87, and 97 percent of the design area, each turbine configuration being
investigated at or near its turbine matech point. The individual stage effi-
ciencies varied considersbly for each of the four turbines. Also, the effi-
ciency of any particular stage varied widely as the first-stator area was
changed. However, the over-all turbine efficiency varied only about three
points over the wide range of first-stator sreas investigated.

INTRODUCIION

The NACA Lewis laboratory is currently studying the effect of first-

. gtator throat area changes on the component performance of an experimental

J71 three-stage turbine. References 1 to 4 present the over-all performance
characteristics of this turbine when equipped with first stators with throat

- v=ﬂa 19
B A E ‘““-“‘-"8“‘4‘* 8 e
BT -ﬁkﬁann Aot .u PR -,p, ,




2 R NACA RM E57E29

areas nominelly 70, 87, 97, and 132 percent of the design area. The maxi-
mum obtainable over-all turbine efflciency over the entire range of first-
stator area adjustment varied only between 0.87 and 0.89.

A compressor-turbine match-point analysls was conducted in reference
4, based on an arbitrary mode of engine operation during which the com-
pressor was malntained at constent equivalent deslgn conditions. 1In an
effort to determine the change 1n the internal flow conditions effected
by these first-stator aree changes, the 70-, 87-, and 97-percent turbines
were operated at or near this match point, and a radial survey ilnvestige-
tion was conducted. Thege results are presented in references 5 to 7.

This report is the last of the series and presents the results of a
survey of the 132-percent turbine operating at its compressor-turbine
match point. The results of the present investigatlon are compared with
those previously obtained for the 70-, 87-, and 97-percent turbines. The
results presented herein are not considered quantitative; but, since the
methods used for all four turbine configurstions were similer, they can
be interpreted as indicating trends of comparative performance.

SYMBOLS
c blade chord, £+t
go] pressure, lb/sq ft
8 blede spacing, ft
T temperature, °R
B relative flow angle (measured from axisl direction), deg
Ul adisbatic efficiency based on measured total temperatures and
total pressures
o solidity, ratio of actual blade chord to blade spacing, c/s
® loss coefficient, (p; - p;)/(p; - po)
Subscripts:
i inlet
o outlet
2:;:2:?’ measuring stations (see fig. 2)
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Superscripts:
' stagnation or total state

" relative stagnation or total state

APPARATUS AND INSTRUMENTATTON

The experimental installation used for the l13Z2-percent-turbine survey
investigation is the same as that used in the investigations of the 70-,
87-, and 97-percent turbines, as described in reference 8 with modifica-
tions given in reference 3. A photograph of the turbine test installation
is presented in figure 1. By resetting the stagger angle of the design
blade profiles a first-stage stator was obtained having a throat area
132 percent of the design area. This first-stator area (132 percent of
design) was selected, since it was the maximum area obtainsble with the
design blade profiles without moving the throat at the mean blaede height
upstream of the blade trailing edge.

Figure Z2 is a schematic diagram of the turblne showlng the axial
and circumferentieal location of the instruments. Radial measurements of
total pressure, total temperature, and flow angle were made using combi-
nation probes (fig. 3(a)) mounted in remotely controlled movable actustors.
With this type of instrument, data were obtained et the turbine inlet
(station 1, fig. 2) and at the outlet of each succeeding blade row. At
the outlet of each rotor blade row, data were obtained from two actuators
located at different circumferential positions. A radial static-pressure
distribution at each measuring station was obtained by replacing the
c€m§inatipn probes with static-pressure wedges of the type shown in figure
3(b).

METHODS AND PROCEDURE

Turbine matching characteristics for the 1l32-percent turbine were
determined in reference 4, based on an assumed mode of engine operation
during which the compressor is maintained at constant equivalent design
conditions. The survey investigaetlon of the subject turbine was conducted
at an equivalent speed of 2574 rpm and an equivalent work output of 24.22
Btu per pound, which closely approximate the turbine matching requirements
of reference 4. The turbine-inlet total pressure and temperature were
nominglly 35 inches of mercury absolute and 700° R, respectively.

At the outlet of each rotor blade row, as mentloned previously,
duplicate sets of measurements were obtained. These measuremenis were
numerically aversged at their corresponding radial positions in order to
obtain & single radial trace at each rotor outlet. The parameters

CONFIDENIIAL () NCLASSIFIED
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used. in this report to describe the internsl flow conditions of the
turbine were calculated by use of the procedures described in reference S.

RESULTS AND DISCUSSION

The intermsl flow conditions of the subject turbine are presented
in terms of stage work parameter AT'/T', stage efficiency 7, and stage
Mach numbers and flow angles, each of which 1s discussed individually.
Over-all turbine performance characteristics, based on turbine-inlet and
turbine-outlet measurements, are also included. Corresponding results
of the survey investigations of the 70-percent turbine (ref. 5), the 87-
percent turbine (ref. 6), and the 97-percent turbine (ref. 7) are presented
In order that the stagewise radial variations of these parameters with
changes in first-stator throat areas can be compared.

The data should not be considered quantitative because of the extreme
difficulty of obtalning absolute measurements of average flow conditions
in the complex flow field between blade rows of a multistage turbine.
Secondary flows, circumferential pressure and temperature verliations,
and other flow distortions cannot be realistically accounted for with
only the radilal measurements obtained 1n these investigations. For
example, 1f these flow distortions affected the temperature behlind the
first stage of the 132-percent turbine so that the measured value of
temperature were inaccurate by 1°, a 2-point inaccuracy in the first-
stage efflciency would result and the second stage would be 1lnversely
affected by 2 efficlency polnts. Hence, the data should be interpreted
only as indicating trends of comparative performance.

Work Parameter

The redial variation of stage work parameter for the subject turbine
as well as for the 70-, 87-, and 97-percent turbines (refs. 5, 6, and 7,
respectively) is presented in figure 4(a). Because of the divergent
passage, percent annular area is used as the sbscissa. The radial vari-
ation of the over-all work parameter 1s also shown for all the turbine
conflgurations. The spanwlse varlations of the work parameter for the
first, second, and third stages for the 132-percent turbine are in general
similar to those observed in the 87- and 97-percent turbines. Reglons of
low work parameter occur near the hub and tip of each stage. The radial
varistion of the over-all work parameter for the 132-percent turbine 1s
similar to that obtalned for all three reference investigations. However,
the level of the work-parameter curves for all stages and that of the
over-all work parameter tend to decrease when the first-stator area is
increased.

6167



4Ly

NACA RM ES7E29 S 5

According to reference 2, as the flrst-stage-stator area is increased,
the match-point equivalent speed and work output requirements are de-
creased. Since the work output of the turbine 1s proportional to the
work parameter, the work parameter for any stage is proportional to the
product of the wheel speed and the change in the tangential component of
the absolute velocities entering and leaving the rotor of that stage.

For example, it is readily apparent that, 1f the flrst-stage-stator area
1s increased by reorlenting the stagger angle of the blades toward axial,
the absolute flow angle leaving the stator ls decreased. This, in addi-~
tlon to the aforementioned decrease in rotor speed, would then result in

a decreased first-stage-rotor entrance tangential veloclty. Not much
change in the first-stage-rotor exit relative flow angle could be expected,
slnce the geometry is unchanged, but the reduced rotor speed would tend

to increase the rotor exit tangential veloelty. Although the inlet
tangential velocity is decreased as the first-stator area is inecreased,
the exit tengential velocity is increased; and 1t is believed that the two
changes tend to offset each other. The trend noted in figure 4(a) for

the first stage, then, is believed mainly attributeble to the change in
turbine match speed. These same general trends also prevall for the second
and third stages to a lesser extent, with the exception of the work-
parameter curve for the third stage of the 70-percent turbine, which is
considerably higher then the other curves, primsrily becsuse this turbine
was operating in the lmmediate proximity of limiting loeding. These trends
might also be attributed to the match-point speed variation.

The mass-averaged values of the stage work parameter, shown in
figure 4(a) for the 132-percent turbine, represent a percentage of the
over-all turbine work output. The stage work division and the equivalent
match speed and work at which the survey data were obtained for all four
turbine investigations are compared in the following table:

Turbine Stage work division, % | Match operating point

First| Second | Third |Equivalent|Egquivalent
stage | stage stage speed, ¢ work out-
design |put, Btu/1b

70-Percent (ref. 5)[49.8 20.8 29.4 125 844.38

87-Percent (ref. 6)]47.0 29.7 23.3 102 34.18
97-Percent (ref. 7)[42.9 32.3 24.8 100 32.10
132-Percent 38.6 36.0 25.4 85 24.22

(a) Max. obtainsble equivalent work output, as limited by turbine
limiting-loading characteristics (ref. 2).

When the throat area of the first stator is et its maximum, the
percentage of the over-all turbine work accomplished by the flrst stage
is at its minimum value. Conversely, the percentage work output in the
second stage is at its maximum. In fact, there is an ll.2-percent spread
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in the first-stage work divlsion and a 15.2-percent spread for the second
stage for the four turbines investigated. The percentage work output of
the third stage remsins relatively constant as the Pirst-stator area is
varied from 87 to 132 percent of its design velue; only when the area is
reduced to 70 percent of design is the third-stage work significantly
changed, and then by only 6.1 percent from that obtained with the 87-
percent turbine. This increased third-stage work output for the 70-
percent turbine results from operating the turbine at or very near the
turbine limiting-loading condition.

Efficiency

The radial variation of stage and over-all turbine efficiencies for
the 132-percent turbine is shown in figure 4(b). The mass-averaged values
are also presznted. Included in the figure are corresponding redial
efficiency variations from the 70-, 87~, and 97-percent turbine surveys.
The leveles of the curves show no consistent varlation with first-stage-
stator area, although all stage efficiencies, as well as the over-all
turbine efficiencles, tend to exhibit regions of deficlency near the hub
and tip. To better observe the stage and over-all turbine efflciency
varigtions, the mass-averaged values for all four turbines are presented
in the following table:

Stage Stage and over—all turbine efficiencies
70-Percent | 87-Percent | 97-Percent | 132-Percent
turbine turbine turbine turbine

(ref. 5) (ref. 6) (ref. 7)
First 0.900 0.897 0.891 0.850
Second .759 .843 .849 .815
Third .828 .755 . 784 .784
Over-all 0.865 0.856 0.858 0.831

The Individual stage efficlencies vary considerably for any turbilne
conflguration, and the efflclency of any particular stage varies consid-
erably as flrst-stage-stator area is changed. With all these changes in
stege performance, it i1s significant that the over-all turbine efficien-
cles vary only about 3 points over the complete range of first-stator
areas investigated. That this efflciency spread was small was previously
reported in reference 2, where the match-point turbine efficiencies for
the 87-, 97-, and 132-percent turbine configurations, as obtained from
interpolation of their respective turbine performance maps, were compered.
The match-point equivalent work for the 70-percent turbine was unocbtain-
gble. The reference turbine efficiencies were based on falred values of
torque and welight-flow measurements, and these values were gll slightly

61LSY
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higher than the efficienciles obtained in the subject 132-percent turbine
survey report and the corresponding survey reports for the 87- and 97-
percent turbines (refs. 6 and 7), where the over-all turbine efficiencies
were based on the tempergture drops across the turbines. The difference
of efficiency as calculated by the two methods is meinly stiributeble to
the difficulty of measuring representative average turbine discharge tem-
peratures in the survey investigations. Both methods of calculating tur-
bine efficiencies, however, indicate that the difference in turbine effi-
ciency with first-stator-area configuration is small. Therefore, 1t can
be concluded that, within the limits investigated and for a mode of engine
operation during which the compressor was maintained at equivelent design
conditions, the use of adjusteble first-stator throat areas had only a
small effect on the over-gll efficiency of this J71 experimental turbine.

Operational Limitations

Although over-all turbine efficiency is important, other engine
operational factors must also be considered before a variable first-stabtor
throat area may be Incorporated in an engine design. To better I1llustrate
some of these factors, the same mode of engine operation previously assumed
to obtain the compressor-turbine match operating points, that of maintaln-
ing constant equivalent compressor design conditions, will be considered.

The gbility of the turbine to produce the required work output over
the whole range of stator ares may be limited. Reference 2 indicates
that, if the first-stator throat area is reduced to less than about 75.5
percent of the design area, the subject turbine would be unable to drive
the compressor for the mode of engine operation considered.

Mechanical considerations such as the turbine blade centrifugal-stress
level and operational temperabture are also important limiting factors.
For the mode of operatlion considered, operation at consbtant turbine-inlet
tempersture over a range of compressor-inlet conditions (corresponding to
varying flight Mach number and altitude) results in a variation of engine
rotative speed. With 75.5 percent of design first-stator area being con-
sidered the lower limit of ares variation, the turbine match-point equiv-
alent rotor speed would be sbout 116 percent of design (see fig. 10(b) of
ref. 2); and, with a consbtant turbine-inlet temperature, the mechanical
rotor speed would slso increase 1o 116 percent of design. Since turbine
blade centrifugael stress is directly proportional to the square of the
rotative speed, operation of the turbine with this first-stator ares
would result in en increase of about 35 percent over the design turbine
stress. That this sbress increases as the throast area decreases from
that of design maey further restrict the lower limit of first-stabor areas
veristion.
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The meaximum perwissible first-stator throat ares may be restricted
by turbine-inlet temperasture. Operation with areas greater than design
requlres an increase in the engine temperature ratio in order to maintain
constant equivalent compressor design conditions. Figure 9(b) of refer-
ence 2 shows that the turbine with the 132-percent first-stator ares re-
quires an englne temperature ratio (turbine inlet to compressor inlet)
of gbout 5.7. Assuming & moderate flight condition, such as engine opera-
tion at a Mach number of 0.5 in the stratosphere, the compressor-inlet
total temperature would be approximetely 412° R. With an englne tempera-
ture ratio of 5.7, then, the turbine-lnlet tempersture would be approxi-
mately 2350° R, certainly not comservative by current turbojet standards.
Furthermore, 1f either the flight speed is Increased or the flight alti-
tude 1s decreesed (still maintaining constant equivalent compressor design
operation and a fixed turbine first-stator area), the required turbine-
inlet temperature would increase further. Hence, turbine-inlet tempera-
ture will restrict the upper Limit of filrst-stator-area adjustment unless
some method of cooling the turbine blades is incorporated in the design
of variable-first-stator-area turbines.

It can be concluded, then, that consldering only the turbine sasero-
dynamic performance, the use of adjusteble turbine stator area for the
subJject turbine appears to be a feasible method of permitting constant
equivalent design-point compressor operation over a wide range of off-
design turbine conditions. Other turbine operational factors must be .
considered, however, which may limit the amount of allowable first-stator-
ares adjustment.

Interstage Flow Veloclties and Angles

The radial variations of the absolute and relative Mach numbers and
flow angles entering and leaving each rotor blade row for the subject
turbine end the three reference turbines are presented in figure 5. The
radial variations of the deslign values obtained from the design velocity
diagrams presented in reference 9 are also included. Angles in the
direction of rotor rotation are defined as positive. Figure 5(a) indicates
that the absoclute and relative Mach numbers at the inlet of the first-
stage rotor for the 1l32-percent turbine are considerably lower than the
design values and lower than those observed in the three reference tur-
bines, as was expected. The absolute flow angle at the first-rotor inlet
is underturned from design on the order of 12° over most of the blade
span, reflecting the change in first-stator stagger angle. The relative
flow angle at the inlet to the first rotor indicates that a negative
angle of incidence, defined as the deviation from the design angle, on
the order of 20° over most of the blade height is present on the first- -
stage rotor. The Mach numbers and flow angles at the outlet of the Ffirst
rotor (fig. 5(a)) are of the same order of magnitude as those observed in
the three reference investigations. However, the outlet absolute flow -
angle is considerably closer to the design value, indicating very small
angles of incidence on the second-atage stator.

-
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Figure 5(b) shows that the sbsolute and relstive Mach number distri-
butions at the lnlet and ocutlet of the second-stage rotor are similar to
those observed in the reference turbines. However, the level of the curves
is slightly lower, in general, than was previously noted. The absolute
and relative flow angles at the inlet and outlet of the second-stage
rotor are similar in distribution and magnitude to those observed in, the
87- and 97-percent turbines. The rotor inlet relative flow angle indicates
that it is operating with negative incidence on the order of 4° near the
blade hub to positive Incidence angles of about 6° to 8° in the tip reglon.

The radial variations of the Mach numbers and flow angles at the
third-stage-rotor inlet and outlet for all four turbine configurations
also have similar trends (fig. 5(c)). The levels of the Mach number curves
for the 13Z2-percent turbine are lower than those observed in the reference
turbine investigatlions. The relative flow angle at the third-rotor inlet
indicates that the rotor is operating wlth positive incidence on the order
of 10° over most of the blade height. The flow angles at the outlet are
near the design values.

Loss Function

Figure 6 presents the radial varistion of the stage loss function
(w cos B)/o (described in detail in ref. 9) for each turbine stage for
the subject turbine as well as for the 70-, 87-, and the 97-percent
turbines (refs. 5 to 7). The loss parameter ® is the relative total-
pressure drop across the rotor divided by the difference between the
rotor inlet relative total pressure and the static pressure at the rotor
outlet. No total-pressure loss is assumed to occur in the stator. The
trends of the curves for each stage of edch turbine exhibit similar
charscteristics. BRegions of highest loss parameter still persist in the
hub and tip portions of the blades.

SUMMARY OF RESULTS

A cold-air radial survey investigation of the J71 experimental
three-stage turbine with a flrst stator having a throat area 132 percent
of design was conducted at & predetermined turbine opersting match point.
Individual stage performance characteristics were determined. The results
were compared with corresponding results previously obtained with the
same turbine having first-stator throat areas of 70, 87, and 97 percent
of design. The following results were obtained:

1. The mass-averaged values of the first-, second-, and third-stage
efficiencies for the 132-percent turbine were 0.850, 0.815, and 0.784,
respectively. Regions of deficiency existed near the hub and tip for all
three blade rows.
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2. The individual stage efficiencies varled considergbly for each
of the four turbine configurstions investigated. Also, the efficiency of
any particular stage varled widely as the first-stage-stator area was
changed. The over-gll turbine efficiency, however, varied only sbout
three polnts over the wide range of Tirst-stator areas investigated.

3. Although the Mach numbers and flow angles at the outlet of the
first stator of the 132-percent turbine were consldergbly lower than the
design values, as would be expected, the trends of the distributions at
the outlet of succeeding blade rows were, in general, simllar to those
observed for the 70-, 87-, and 97-percent turbine configurations.

4. Considering the turbine aerodynemic performance, the use of ad-
Jjustable turbine stator area appears to be a feasible method of permitting
constant equivalent design-point compressor operation over a wide range of
off-design turbine conditions. However, operational factors such as tur-
bine work limitations, turbine rotor blade centrifugal stress, and
turbine-inlet tempersture may limit the amount of first-stator-area ad-
Justment allowsble.

Lewls Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohioc, June 3, 1957

B6TSY
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Flgure 5. - Varistion of absolute and relative Mach mmber snd flow angle at rotor inlet and cutlet with
annular area.
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(b) Seaond rotor.
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{c) Third rotor.

Varistlon of absolute and relative Mach number and flow angle at rotor inlet and outlet with
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Figure 6. - Variation of loga function with annuler flow area.
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